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ABSTRACT
We present a detailed investigation of Hubble Space Telescope rest-frame UV/optical observations of 22 short
gamma-ray burst (GRB) host galaxies and sub-galactic environments. Utilizing the high angular resolution
and depth of HST we characterize the host galaxy morphologies, measure precise projected physical and host-
normalized offsets between the bursts and host centers, and calculate the locations of the bursts with respect to
their host light distributions (rest-frame UV and optical). We calculate a median short GRB projected physical
offset of 4.5 kpc, about 3.5 times larger than that for long GRBs, and find that≈ 25% of short GRBs have offsets
of & 10 kpc. When compared to their host sizes, the median offset is 1.5 half-light radii (re), about 1.5 times
larger than the values for long GRBs, core-collapse supernovae, and Type Ia supernovae. In addition, ≈ 20%
of short GRBs having offsets of& 5re, and only≈ 25% are located within 1re. We further find that short GRBs
severely under-represent their hosts’ rest-frame optical and UV light, with ≈ 30−45% of the bursts located in
regions of their host galaxies that have no detectable stellar light, and ≈ 55% in the regions with no UV light.
Therefore, short GRBs do not occur in regions of star formation or even stellar mass. This demonstrates that
the progenitor systems of short GRBs must migrate from their birth sites to their eventual explosion sites, a
signature of kicks in compact object binary systems. Utilizing the full sample of offsets, we estimate natal kick
velocities of ≈ 20−140 km s−1. These independent lines of evidence provide the strongest support to date that
short GRBs result from the merger of compact object binaries (NS-NS/NS-BH).
Keywords: gamma rays: bursts
1. INTRODUCTION
The environments of cosmic explosions and their locations
within their hosts provide invaluable insight on the nature of
their progenitors. For instance, the spatial locations of long
gamma-ray bursts (GRBs; T90 & 2 s; Kouveliotou et al. 1993)
within their exclusively star-forming host galaxies are consis-
tent with the expected distribution for massive stars in expo-
nential disks (Bloom et al. 2002). The result is similar for
core-collapse supernovae (SNe; Prieto et al. 2008), which are
only found in spiral and irregular galaxies (van den Bergh
et al. 2005; Hakobyan et al. 2008; Li et al. 2011), indica-
tive of a young, massive star origin. In contrast, Type Ia SNe
originate in both star-forming and elliptical galaxies (Oemler
& Tinsley 1979; van den Bergh et al. 2005; Mannucci et al.
2005; Li et al. 2011), and their locations do not coincide with
star-forming regions (Prieto et al. 2008; Wang et al. 2013),
consistent with an evolved progenitor system.
Equally important to the spatial offsets are the locations of
these transients with respect to the distribution of the under-
lying host galaxy light. Using Hubble Space Telescope (HST)
observations, it has been shown that long GRBs are concen-
trated on the brightest ultra-violet (UV) regions of their host
galaxies (Fruchter et al. 2006; Svensson et al. 2010), point-
ing to explosion sites within unusually bright star-forming re-
gions. Similarly, core-collapse SNe tend to explode in bright
UV regions within their hosts (Kelly et al. 2008; Svensson
et al. 2010). In contrast, Type Ia SNe under-represent their
hosts’ rest-frame UV light, suggesting that they do not tend
to occur in regions of star formation (Kelly et al. 2008; Wang
et al. 2013), but may correlate with optical light, suggesting
a dependence on stellar mass (Kelly et al. 2008; Wang et al.
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2013) as expected for their white dwarf progenitors.
For short GRBs (T90 . 2 s), several theoretical progeni-
tor systems have been proposed, including NS-NS/NS-BH
mergers (Eichler et al. 1989; Narayan et al. 1992), accretion-
induced-collapse of a WD or NS (Qin et al. 1998; Levan et al.
2006; Metzger et al. 2008) and magnetar flares (Levan et al.
2006; Chapman et al. 2008). Studies of the short GRB host
galaxy demographics have shown that ≈ 1/4 of these events
explode in elliptical galaxies with no signs of star formation
(Fong et al. 2013), but the majority occur in star-forming
galaxies (Berger 2009; Fong et al. 2013). The inferred pro-
genitor ages are≈ 0.1−few Gyr (Leibler & Berger 2010; Fong
et al. 2013), pointing to an origin from older stellar popula-
tions.
In Fong et al. 2010, we used HST observations of ten short
GRB host galaxies to study their sub-galactic environments.
For the seven bursts with sub-arcsecond localizations, and
thus robust associations to a host galaxy, we constrained their
host morphologies, spatial and host-normalized offsets, light
distributions, and compared these results to the distributions
for long GRBs. We found spatial offsets that are five times
greater than those for long GRBs, but with a similar me-
dian host-normalized offset of ≈ 1 half-light radius. In addi-
tion, we found preliminary evidence that short GRBs under-
represent their hosts’ rest-frame optical and UV light, in stark
contrast to long GRBs and core-collapse SNe. Due to the
small number of events, the light distribution results were
only suggestive, and not statistically significant. Separately,
we also used HST data to study an emerging population of
bursts with no obvious coincident host galaxy to optical lim-
its of & 26 mag and found that these bursts likely have large
offsets of 30−100 kpc from their hosts (Berger 2010).
These initial studies demonstrate that HST observations are
essential for characterizing the local environments of short
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GRBs, and thus their progenitors. The angular resolution is
important in measuring precise offsets and locating the after-
glow to sub-pixel precision, critical to analyzing the place-
ment within the host light distributions. In addition, the depth
of HST allows for the potential detections of faint coincident
host galaxies, surpassing the capabilities of ground-based in-
stuments in the optical and and near-infrared.
Expanding on this initial work, we present here HST obser-
vations of 16 additional short GRB host galaxies, 15 of which
have sub-arcsecond positions. We describe the data reduction
procedures, including photometry, astrometry, surface bright-
ness profile fits, offsets and fractional flux determination in
Section 2. We combine the results with those from Fong et al.
(2010) and analyze the entire sample of 22 events in Section 3.
Finally, in Section 4, we consider the implications for the pro-
genitor systems
Throughout the paper we use the standard cosmological pa-
rameters, H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ = 0.73.
All reported magnitudes are corrected for Galactic extinction
using dust maps (Schlafly & Finkbeiner 2011) and are cali-
brated to the AB magnitude system.
2. DATA REDUCTION
2.1. Sample
We study HST observations of 16 short GRB host galax-
ies and environments obtained with the Advanced Camera
for Surveys (ACS/WFC) and the infrared and ultraviolet-
visual channels on the Wide-Field Camera 3 (WFC3/IR and
WFC3/UVIS). The data were obtained as part of programs
11669 and 12502 (PI: Fruchter), which targeted all short
GRBs with optical positions from April 2007 to January
2010, and the Director’s Discretionary Time program 13497
(PI: Tanvir) for GRB 130603B. We combine these public HST
data with ground-based observations of optical afterglows
to astrometrically locate the burst positions within the host
galaxies.
Ten of the 16 bursts have apparent host galaxies based on
ground-based imaging (GRBs 070429B, 070707, 070714B,
070724A, 071227, 080905A, 090426A, 090510, 100117A,
and 130603B), and all of these except GRB 070707 have spec-
troscopic redshifts (Cenko et al. 2008; Piranomonte et al.
2008; Berger et al. 2009; D’Avanzo et al. 2009; Graham et al.
2009; Kocevski et al. 2010; Levesque et al. 2010; McBreen
et al. 2010; Rowlinson et al. 2010b; Fong et al. 2011; Cuc-
chiara et al. 2013). We note that for GRB 080905A, the host
association is less secure (probability of chance coincidence,
Pcc(< δR)≈ 0.01) than the remaining bursts with Pcc(< δR)≈
10−4 − 10−3 (Fong et al. 2013 and Section 3.1), due to the
large separation from its claimed host galaxy (Rowlinson et al.
2010b). All of these hosts (except GRB 070429B) have re-
ported near-infrared (NIR) detections or limits (Piranomonte
et al. 2008; Berger et al. 2009; Graham et al. 2009; Leibler &
Berger 2010; Levesque et al. 2010; Rowlinson et al. 2010b;
Fong et al. 2011; Berger et al. 2013; Tanvir et al. 2013).
The remaining six short GRBs have no known coincident
host galaxies to optical limits of & 26 mag from previous
ground-based or previous HST observations (GRBs 061201,
070809, 080503, 090305A, 090515, and 091109B; Perley
et al. 2008, 2009; Berger 2010; Fong et al. 2010; Rowlin-
son et al. 2010a; Levan et al. 2009). These events have been
termed “host-less”, but appear to have host galaxies at sepa-
rations of ≈ 30− 100 kpc with low probability of chance co-
incidence (Berger 2010).
With the exception of GRB 130603B (Berger et al. 2013;
Tanvir et al. 2013), all of the HST observations presented here
have not been published in the literature thus far. The results
in this work, combined with the HST data from Fong et al.
(2010), GRB 080503 (Perley et al. 2009; Berger 2010), and
GRB 130603B (Berger et al. 2013; Tanvir et al. 2013), com-
prise the full available sample of short GRB hosts with HST
observations. Details of the GRB properties and the observa-
tions are provided in Table 1.
2.2. Image Processing
We retrieved pre-processed images for the 16 short GRBs
from the HST archive2. We apply distortion corrections and
combine the individual exposures using the astrodrizzle
package in PyRAF (Gonzaga et. al. 2012). For the ACS im-
ages we use pixfrac= 1.0 and pixscale= 0.05′′ pixel−1.
For the WFC3/IR images, we use the recommended values
of pixfrac= 1.0 and pixscale= 0.0642′′ pixel−1, half of
the native pixel scale, while for the WFC3/UVIS images, we
use pixscale= 0.033′′ pixel−1. The final drizzled images
are shown for ten events with established host galaxies (Fig-
ure 1), multi-band observations of GRB 080905A (Figure 2)
and five events termed as “host-less” (Figure 3).
We obtained public optical/NIR afterglow discovery images
for each burst. These images are from the UV-Optical Tele-
scope (UVOT) on-board the Swift satellite, the twin 6.5-m
Magellan telescopes, the Gemini-North and South 8-m tele-
scopes, and the 8-m Very Large Telescope (VLT). The tele-
scope and instrument for each afterglow image is listed in
Table 2. For the observations from Magellan, Gemini, and
VLT, we use standard IRAF tasks to process the data. For
GRBs 070429B and 070714B, which have reported UVOT af-
terglows (Holland et al. 2007; Landsman et al. 2007), we use
the uvotimsum task as part of the HEASOFT package to
create co-added images for each of the seven UVOT filters.
We confirm the afterglow detection of GRB 070714B in
multiple filters (Landsman et al. 2007). For GRB 070429B,
the afterglow is reported to be weak (3.9σ) and detectable
only by combining the data from all filters at δt ≈ 600 −
2660 s. To assess whether this is a real detection, we com-
bine the UVOT observations in the same manner as described
in Holland et al. (2007), but we do not detect any source at the
reported position, nor within the XRT error circle. We there-
fore do not consider the reported afterglow to be real, and use
the XRT position (Table 1) in our analysis presented here.
2.3. Photometry
We perform aperture photometry for the galaxy with the
lowest probability of chance coincidence in each field (see
Section 3.1) using standard tasks in IRAF and the tabulated
zeropoints for ACS, WFC3/IR and WFC3/UVIS calibrated
to the AB magnitude system (Table 1). In addition, for
the bursts previously termed as “host-less” (GRBs 061201,
070809, 080503, 090515, and 091109B; Figure 3), we de-
termine the 3σ limit at the afterglow position.
We note that for GRB 080905A, we can only perform pho-
tometry for “G2”, because “G1”, claimed to be the host
galaxy by Rowlinson et al. (2010b), is contaminated by fore-
ground saturated stars which we cannot reliably subtract (Fig-
ure 2). The position of GRB 090305A, which was previ-
ously reported to have no coincident host to r & 25.6 mag
3 http://archive.stsci.edu/hst/.
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Table 1
HST Observations of Short GRB Host Galaxies
GRB RA Dec Uncert. z Instrument Filter Date Exp. Time AB maga Aλ
(J2000) (J2000) (′′) (UT) (s) (mag)
061201 22h08m32.13s −74◦34′47.05′′ 0.12 0.111? WFC3/IR F160W 2012 Jun 11 6397 > 26.4/18.63± 0.01 / 24.46± 0.03b 0.039
070429B 21h52m03.81s −38◦49′42.0′′ 1.5c 0.9023 WFC3/IR F160W 2010 Apr 26 2797 20.59± 0.03 0.012
WFC3/UVIS F475W 2010 Apr 26 2797 24.31± 0.20 0.096
070707 17h50m58.59s −68◦55′27.59′′ 0.16 < 3.6 WFC3/IR F160W 2010 Jun 24 6397 26.16± 0.24 0.035
ACS F606W 2010 Jun 30 5644 26.68± 0.12 0.177
070714B 03h51m22.28s +28◦17′51.75′′ 0.20 0.923 WFC3/IR F160W 2009 Aug 16 2798 22.99± 0.02 0.069
WFC3/UVIS F475W 2009 Aug 16 2698 24.89± 0.06 0.467
070724A 01h51m14.10s −18◦35′39.28′′ 0.08 0.4571 WFC3/IR F160W 2011 Oct 3 2396 19.89± 0.02 0.006
070809 13h35m04.55s −22◦08′30.8′′ 0.40 0.473? WFC3/IR F160W 2010 May 5 5597 > 26.2/18.22± 0.01d 0.041
ACS F606W 2009 Aug 9 5150 > 28.1/20.47± 0.03d 0.210
071227 03h52m31.25s −55◦59′02.63′′ 0.22 0.381 WC3/IR F160W 2010 Jun 11 2797 18.73± 0.01 0.006
WFC3/UVIS F438W 2010 Jun 12 2900 22.35± 0.05 0.042
080503 19h06m28.77s +68◦47′35.32′′ 0.14 < 4.2 WFC3/IR F160W 2011 Dec 26 5597 > 26.2/25.84± 0.07d 0.028
080905A 19h10m41.74s −18◦52′47.44′′ 0.18 0.1218 WFC3/IR F160W 2011 Oct 16 2397
WFC3/IR F160W 2012 Apr 14 2397 25.97± 0.11e f 0.014
WFC3/UVIS F814W 2012 Apr 14 2600 > 27.5 f 0.040
WFC3/UVIS F606W 2012 Apr 14 2600 27.29± 0.14 f 0.066
090305A 16h07m07.59s −31◦33′22.12′′ 0.20 < 4.1 WFC3/IR F160W 2012 Feb 22 5597 25.20± 0.10 0.092
090426 12h36m18.05s +32◦59′09.42′′ 0.12 2.609 WFC3/IR F160W 2011 Oct 28 2397 25.56± 0.07 0.008
090510 22h14m12.53s −26◦34′59.0′′ 0.20 0.903 WFC3/IR F160W 2011 Oct 11 2397 21.79± 0.01 0.009
090515 10h56m36.10s +14◦26′29.37′′ 0.16 0.403? WFC3/IR F160W 2011 Oct 24 5597 > 26.1/18.42± 0.02d 0.001
091109B 07h30m56.61s −54◦05′23.11′′ 0.16 < 4.4 WFC3/IR F160W 2012 Feb 26 5596 > 25.0/19.74± 0.03d 0.075
100117A 00h45m04.65s −01◦35′41.99′′ 0.16 0.915 WFC3/IR F160W 2011 Sep 29 2397 21.37± 0.04 0.011
130603B 11h28m48.17s +17◦04′18.03′′ 0.09 0.3564 WFC3/IR F160W 2013 Jun 13 2612 19.83± 0.02 0.012
ACS F606W 2013 Jun 13 2216 21.08± 0.04 0.057
Note. — a Corrected for Galactic extinction, Aλ (Schlafly & Finkbeiner 2011).
b For GRB 061201, we report the 3σ limit on a coincident host galaxy, photometry for “G1” and for “G2”, respectively.
c 1σ positional error radius from Swift/XRT (Goad et al. 2007; Evans et al. 2009)
d For GRBs 070809, 080503, 090515 and 091109B, we report both the 3σ limit on a coincident host galaxy and the magnitude of the galaxy with the lowest probability of chance
coincidence.
e To attain a higher signal-to-noise ratio, photometry is reported for the 2011 October 16 and 2012 April 14 observations combined.
f The position of “G1” is contaminated with saturated stars, so photometry is reported here only for “G2”. The F814W limit corresponds to 3σ.
(Berger 2010), coincides with an extended NIR source with
mF160W = 25.20±0.10 mag which we consider to be the host
galaxy (Figure 1; Section 3.1). For GRB 090426A, we con-
sider the host galaxy to be the source directly coincident with
the afterglow position (Figure 1; Section 3.1), previously re-
ported to be a “compact knot” within a multi-component host
galaxy complex from ground-based observations (Antonelli
et al. 2009a; Levesque et al. 2010). For GRB 091109B, for
which a host galaxy has not been previously reported, the af-
terglow position is contaminated by a diffraction spike from
a nearby star (Figure 3). We perform photometry at the after-
glow position using an aperture radius of 2.5θFWHM, and place
a 3σ limit of mF160W & 25 mag on a coincident host galaxy.
We note that this NIR limit is substantially shallower than the
3σ limit of the image,& 26 mag. Finally, the F160W observa-
tion of GRB 130603B has additional flux from a point source
at the optical afterglow position that is not part of the host
galaxy (Berger et al. 2013; Tanvir et al. 2013). We perform
point spread function (PSF) subtraction of the point source as
described in Berger et al. (2013) and calculate the host pho-
tometry from the PSF-subtracted image (Figure 1).
The photometry for all events, as well as 3σ upper limits
for “host-less” events are listed in Table 1. All of our val-
ues are consistent with those published in the literature from
ground-based data except for GRB 070714B, where we cal-
culate mF160W = 22.99± 0.11 mag while the previously pub-
lished value is H = 23.58±0.20 mag (Graham et al. 2009).
2.4. Absolute Astrometry
To determine the position of each short GRB afterglow,
we perform absolute astrometry using point sources in com-
mon between the afterglow discovery images and source cat-
alogs (2MASS, SDSS, or USNO-B depending on availabil-
ity). If the position of the afterglow is contaminated by host
galaxy light in the discovery image, we perform image sub-
traction using the ISIS package (Alard 2000) relative to late-
time observations when the afterglow contribution is negligi-
ble. We then use SExtractor4 to determine the afterglow
position in the subtracted image. To determine the astromet-
ric tie from the ground-based image to the catalog, we use
the IRAF astrometry routine ccmap and find that a second-
order polynomial with six free parameters corresponding to
a shift, scale, and rotation in each coordinate, provides a ro-
bust tie in all cases with an average σcat→GRB ≈ 160 mas. Our
afterglow positions are consistent with published positions in
all relevant cases, albeit with higher precision. In the cases
of GRBs 070809 and 090510, the afterglow discovery images
are not available to us so we use the published positions and
uncertainties in our analysis (Perley et al. 2007; Nicuesa Guel-
benzu et al. 2012). The absolute afterglow positions and un-
certainties are listed in Table 1.
2.5. Relative Astrometry and Offsets
To determine the position of each GRB relative to its host
galaxy, and thus measure precise offsets, we perform rela-
tive astrometry by aligning each of the HST observations to
the afterglow discovery images. We consider three sources
of uncertainty: the afterglow position (σGRB), the astromet-
ric tie uncertainty between the ground-based and HST images
(σGB→HST), and the host galaxy position (σgal).
5 http://sextractor.sourceforge.net/
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Figure 1. HST observations of ten short GRBs with robust associations to a host galaxy (Pcc(< δR)≈ 10−4 −10−3) based on previous ground-based observations.
The afterglow positions are represented by a 3σ error circle in each frame, except for GRBs 070714B and 090510, where the afterglow positional uncertainties
are larger, and the circles correspond to 1σ. For GRB 070429B, the position of the X-ray afterglow from Swift/XRT is shown (red circle; 90% containment, Goad
et al. 2007; Evans et al. 2009). For GRB 130603B/F160W, the image after PSF subtraction of the point source associated with the GRB (see Section 2.3 and
Berger et al. 2013) is shown. All images are oriented with North up and East to the left.
We measure σGRB from each afterglow image, where the
centroiding accuracy depends on the size of the PSF and
the signal-to-noise ratio of the afterglow detection using
SExtractor, and find values of σGRB ≈ 10 − 80 mas (Ta-
ble 2), except in the case of GRB 070429B which has an un-
certainty of 1.5′′ (1σ) from the Swift/XRT detection of the
afterglow. The second source of uncertainty is the astromet-
ric tie between the afterglow and host galaxy HST images
(σGB→HST), which is determined using the same method de-
scribed in Section 2.4. We use a range of 5 − 120 common
point sources, depending on the depth of the image and source
density and find values of σGB→HST≈ 20−110 mas. The num-
ber of astrometric tie objects and resulting RMS values are
listed in Table 2. The final source of uncertainty is the cen-
troiding accuracy of the host in the HST images. To determine
this uncertainty we again use SExtractor, and find values
of σgal ≈ 1− 13 mas. This is generally the smallest source of
uncertainty (Table 2).
For each galaxy/filter combination, we use the afterglow
and host position to measure angular offsets, and for the
galaxies with known redshifts we also calculate physical off-
sets (Table 2). We assume z = 1 for host galaxies without
known redshift, taking advantage of the relatively flat value of
the angular diameter distance at z & 0.5. Finally, we use the
effective radii, re, determined from surface brightness profile
fits (Section 2.6 and Table 3) to calculate host-normalized off-
sets. The offsets and accompanying combined uncertainties
are listed in Table 2. For GRBs 070809 and 090510, where
we do not have the afterglow discovery images, we use the
published uncertainties of 0.4′′ and 0.2′′, respectively (Perley
et al. 2007; Nicuesa Guelbenzu et al. 2012), which dominate
over all other sources of uncertainty.
2.6. Surface Brightness Profile Fitting
We use the IRAF/ellipse routine to generate ellipti-
cal intensity isophotes and construct one-dimensional radial
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Figure 2. HST observations of GRB 080905A with the optical afterglow position (3σ; red circle) indicated. The face-on spiral galaxy at z = 0.1218, claimed as
the host by Rowlinson et al. (2010b), is labeled as “G1” (Pcc(< δR) ≈ 0.01) in each of the 3 filters, while a zoomed version of the F160W observation shows a
new extended source, “G2” (Pcc(< δR) ≈ 0.08), as well as two sources with stellar PSFs denoted as “S1” and “S2”. All images are oriented with North up and
East to the left.
Figure 3. HST observations of 5 short GRBs with no coincident host galaxy to m160W & 26.2 mag (“host-less” bursts). We note that the afterglow position of
GRB 091109B is contaminated by a diffraction spike so we place a comparatively shallow limit on a coincident host galaxy of m160W & 25 mag. The large-scale
environments (left) and the 10′′ surrounding the afterglow position (right) are shown for each burst. The most probable and second most probable host galaxies
from probability of chance coincidence analysis are labeled (“G1” and “G2”, respectively). The afterglow positions are shown by the red cross or error circle in
each frame. Error circles are 5σ in radius except for GRB 070809, which is 1σ because the uncertainty is based on absolute astrometry. Physical scales in kpc
are based on the redshift of “G1” for each burst, if known. All images are oriented with North up and East to the left.
surface brightness profiles for each galaxy/filter combina-
tion. For each observation, we allow the center, elliptic-
ity, and position angle of each isophote to vary. In two
cases (GRB 070707/F606W and GRB 071227/F438W), the
isophotal fit does not converge, which can be attributed to the
low signal-to-noise ratio of these observations. The surface
brightness profiles are displayed in Figure 4.
Using a χ2-minimization grid search, we fit each profile
with a Sérsic model given by
Σ(r) = Σe exp{−κn[(r/re)1/n −1]}, (1)
where n is the concentration parameter (n = 1 is equivalent
to an exponential disk profile, while n = 4 is the de Vau-
couleurs profile typical of elliptical galaxies), κn ≈ 2n−1/3+
4/405n+ 46/25515n2 is a constant that depends on n (Ciotti
& Bertin 1999), re is the effective radius, and Σe is the ef-
fective surface brightness in flux units. We convert Σe to
units of mag arcsec−2, designated as µe. In our grid search,
n, re, and µe are the three free parameters. A single Sérsic
component provides an adequate fit (χ2ν ≈ 0.4−1.5) for most
of the host galaxies. In four cases (GRBs 090510, 090515,
100117A, and 130603B) a single component fit yields χ2ν & 2.
To improve the fit for these cases, we use two separate Sér-
sic components corresponding to the inner and outer regions
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Table 2
Short GRB Astrometry and Offsets
GRB Instrument Filter z Reference No. σcat→GRB σGB→HST σGRB σgal δRA δDec Offset Offset Offset
(mas) (mas) (mas) (mas) (′′) (′′) (′′) (kpc) (re)
061201 VLT/FORS2 I 0.111? 2MASS 17 115 · · · 17
G1 WFC3 F160W VLT 14 · · · 25 · · · 1 −11.82 11.14 16.25± 0.03 32.47± 0.06 14.91± 0.03
G2 WFC3 F160W VLT 14 · · · 25 · · · 2 1.69 −0.62 1.80± 0.03 14.47± 0.24a 6.43± 0.11
070429B WFC3 F160W 0.902 USNO-B 4 150 · · · 1460 1.0 · · · · · · < 1.46 < 11.41 < 2.25
WFC3 F475W USNO-B 6 290 · · · 1460 1.0 · · · · · · < 1.46 < 11.41 · · · b
070707 VLT/FORS1 R < 3.6 2MASS 50 156 · · · 10
WFC3 F160W VLT 76 · · · 26 · · · 4.3 −0.16 −0.01 0.40± 0.03 3.22± 0.24a 1.11± 0.08
ACS F606W VLT 97 · · · 24 · · · 12.5 −0.16 0.05 0.40± 0.03 3.22± 0.24a · · · b
070714B Swift/UVOT white 0.923 2MASS 30 199 · · · 13
WFC3 F160W Swift 6 · · · 110 · · · 1 −0.40 −1.50 1.55± 0.11 12.21± 0.87 4.56± 0.33
UVIS F475W Swift 5 · · · 66 · · · 7 −0.40 −1.50 1.55± 0.07 12.21± 0.53 5.55± 0.24
070724A Gemini-N/GMOS i 0.4571 2MASS 6 81 · · · 13
WFC3 F160W Gemini 32 · · · 22 · · · 1 −0.48 0.81 0.94± 0.03 5.46± 0.14 1.50± 0.04
070809 WFC3 F160W 0.473? USNO-B 5 234 · · · 400 1 −5.18 −2.21 5.63± 0.46c 33.22± 2.71 9.25± 0.75
ACS F606W 2MASS 7 220 · · · 400 2 −5.47 −2.10 5.86± 0.46c 35.58± 2.71 9.29± 0.71
071227 VLT/FORS2 R 0.381 2MASS 11 214 · · · 22
WFC3 F160W VLT 11 · · · 40 · · · 6 −2.11 2.11 2.98± 0.05 15.50± 0.24 3.28± 0.05
UVIS F438W VLT 10 · · · 43 · · · 4 −2.02 1.83 2.72± 0.02 14.18± 0.25 · · · b
080503 Gemini-N/GMOS r · · · 2MASS 22 139 · · · 10
WFC3 F160W Gemini 58 · · · 29 · · · 9 0.72 −0.53 0.90± 0.03c 7.24± 0.24a 3.46± 0.12
080905A VLT/FORS2 R 0.1218 2MASS 116 159 · · · 78
G1 WFC3 F160W VLT 46 · · · 41 · · · 1 4.34 −7.06 8.29± 0.08 17.96± 0.19 10.36± 0.10
G1 WFC3/UVIS F814W VLT 61 · · · 32 · · · 1 4.30 −7.07 8.28± 0.08 17.92± 0.19 10.35± 0.10
G1 WFC3/UVIS F606W VLT 102 · · · 34 · · · 1 4.34 −7.07 8.30± 0.09 17.97± 0.18 10.38± 0.11
G2 WFC3 F160W VLT 46 · · · 41 · · · 13 0.07 −0.69 0.69± 0.09 5.55± 0.72a 3.45± 0.45
G2 WFC3/UVIS F606W VLT 102 · · · 34 · · · 7 0.07 −0.79 0.79± 0.09 6.35± 0.72a 3.97± 0.43
090305A Gemini-S/GMOS r < 4.1 2MASS 122 198 · · · 6
WFC3 F160W Gemini 115 · · · 31 · · · 5 0.09 −0.42 0.43± 0.03 3.46± 0.24a 1.19± 0.08
090426 VLT/FORS2 R 2.609 SDSS 60 120 · · · 10
WFC3 F160W VLT 9 · · · 29 · · · 4 −0.04 0.04 0.06± 0.03d 0.45± 0.25 0.29± 0.14
090510 WFC3 F160W 0.903 USNO-B 7 370 · · · 200 2 1.24 0.45 1.33± 0.37 10.37± 2.89 1.99± 0.39e
090515 Gemini-N/GMOS r 0.403? SDSS 109 160 · · · 15
WFC3 F160W Gemini 61 · · · 22 · · · 1 −3.73 13.47 13.98± 0.03c 75.03± 0.15 15.53± 0.03e
091109B VLT/FORS2 R · · · 2MASS 20 154 · · · 28
WFC3 F160W VLT 39 21 · · · 1 9.53 6.79 11.70± 0.03c 94.07± 0.24 · · ·
100117A Gemini-N/GMOS r 0.915 SDSS 95 154 · · · 26
WFC3 F160W Gemini 21 · · · 33 · · · 1 0.16 0.03 0.17± 0.04 1.32± 0.33 0.57± 0.13e
130603B Magellan/IMACS r 0.3564 SDSS 17 85 · · · 10
WFC3 F160W Magellan 12 · · · 34 · · · 1 0.93 0.48 1.05± 0.04 5.21± 0.17 1.05± 0.04e
ACS F606W Magellan 9 · · · 34 · · · 1 0.93 0.58 1.09± 0.04 5.41± 0.17 1.36± 0.05e
Note. — a We assume z = 1 to calculate these projected physical offsets.
b The re measurement is highly uncertain due to the low signal-to-noise ratio of the observation.
c Offsets are calculated for the galaxy with the lowest probability of chance coincidence.
d The offset is calculated relative to the source in direct coincidence with the burst position (Figure 1).
e Effective radii re representative of the combined inner and outer Sérsic components are used to compute offsets: GRB 090510: 0.95′′, GRB 090515: 0.9′′, GRB 100117A: 0.3′′,
GRB 130603B/F160W: 1′′ and GRB 130603B/F606W: 0.8′′.
of each galaxy. The resulting values for n, re and µe are
listed in Table 3. We do not perform a surface brightness
fit for GRB 080905A/“G1” since it is contaminated by sat-
urated foreground sources (Figure 2), but given the prominent
spiral structure, the morphology of this host is likely char-
acterized by a disk profile with n ∼ 1, and we estimate the
size of the bulge component to be ≈ 1.8′′ (≈ 3.9 kpc). The
surface brightness profiles and resulting models are shown in
Figure 4.
2.7. Host Light Distributions
To determine the brightness of the galaxy at the GRB lo-
cation relative to the host light distribution, we follow the
methodology of Fruchter et al. (2006), Kelly et al. (2008),
and Fong et al. (2010), and calculate for each galaxy image
the fraction of total light in pixels fainter than the afterglow
position (“fractional flux”; Table 4). Eleven bursts have differ-
ential astrometric positions of better than one pixel (Table 2).
If the afterglow position spans multiple pixels, we take the av-
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Figure 4. Radial surface brightness profiles as determined from IRAF/ellipse (grey circles) and the corresponding best-fit Sérsic models (red line) for 16 host
galaxies. For GRBs 070809, 080503, and 090515, the surface brightness profile for the most probable host galaxy is shown while for GRB 061201, the profiles
for both “G1” and “G2” are shown. For GRB 080905A, the profile is shown for the extended source closest to the afterglow position (Source “G2” in Figure 1).
erage brightness among those pixels to be the representative
flux of the afterglow position. For each image, we create an
intensity histogram of a region centered on the host galaxy
and determine a 1σ cut-off level for the host by fitting a Gaus-
sian profile to the sky brightness distribution (equivalent to a
signal-to-noise ratio cut-off of 1). We then plot the pixel flux
distribution above the appropriate cut-off level for a region
surrounding the host, and determine the fraction of light in
pixels fainter than the afterglow pixel (see Table 4).
For GRBs 071227/F160W and 130603B/F606W, we mask
sources contaminating the position of the galaxy and set these
pixels to the brightness level of the surrounding pixels. We
note that for GRB 080905A, we are unable to explicitly cal-
culate the fractional flux with respect to “G1” due to the
presence of saturated stars, while for GRB 061201 we cannot
make a unique host association (Section 3.1). However, both
of these bursts have afterglow locations at the level of the sky
background, and thus have fractional flux values of zero re-
gardless of their host associations. Table 4 also includes the
values for seven bursts from Fong et al. (2010).
3. ANALYSIS
3.1. Probabilities of Chance Coincidence
To assess the probability that each of the bursts originated
from a coincident galaxy or from another galaxy in the field,
we perform aperture photmetry for galaxies within the HST
field of view, discarding noticeably fainter galaxies with in-
creasing distance from the burst since these objects will have
a lower probability of being the host galaxy. We then cal-
culate the probability of chance coincidence, Pcc(< δR) for
each galaxy based on the distance from the burst position
(δR) and apparent magnitude (m) (c.f., Bloom et al. 2002;
Berger 2010). For bursts at offsets of < 1re (GRBs 090426
and 100117A), we use the effective size of the galaxy, δR = re,
while for the remaining cases, we take δR to be the projected
distance between the burst and candidate host center. For the
bursts with previously established hosts (Figure 1), we find
Pcc(< δR)≈ 10−4 −10−3, consistent with ground-based results
(Fong et al. 2013); the next probable hosts have values at least
one order of magnitude greater, with Pcc(< δR)≈ 0.02−0.30.
The lowest value of 0.02 is for GRB 090426A, which has two
galaxies within 1′′ of the optical afterglow position, in addi-
tion to the source at the GRB position. From previous ground-
based observations, these sources were considered to com-
prise a single host galaxy complex (Antonelli et al. 2009b;
Levesque et al. 2010). However, given the lack of apparent
interaction between these sources in the HST image (see Fig-
ure 1) and the comparatively low value of Pcc(< δR) ≈ 10−4
for the source at the afterglow position, we consider the latter
to be the host galaxy. For GRB 080905A/“G1” (Figure 2), we
are unable to accurately determine the brightness in any of the
filters due to the presence of foreground saturated stars, but
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Table 3
Short GRB Host Galaxy Morphological Properties
GRB Filter n re re µe
(′′) (kpc) (AB mag arcsec−2)
061201/G1 160W 1.03 1.09 2.18 21.86
061201/G2 160W 0.73 0.28 2.25a 25.34
070429B 160W 2.15 0.65 5.08 23.61
475W 1.54 0.08b 0.62 24.69
070707 160W 0.97 0.36 2.89a 27.01
070714B 160W 0.76 0.34 2.68 24.35
475W 1.18 0.28 2.20 27.17
070724A 160W 0.92 0.63 3.64 22.16
070809 160W 3.03 0.61 3.59 21.47
606W 3.38 0.65 3.83 23.64
071227 160W 1.05 0.91 4.72 21.64
080503 160W 0.32 0.26 2.09a 26.81
080905A/G1c 160W ≈ 1 ≈ 1.8 ≈ 3.9 · · ·
080905A/G2 160W 0.70 0.20 1.60a 25.72
090305A 160W 0.57 0.36 2.89a 25.96
090426A 160W 0.89 0.21 1.70 25.78
090510 (a < 0.4′′) 160W 1.27 0.93 7.27 24.92
090510 (a > 0.4′′) 160W 0.44 0.74 5.79 24.26
090515 (a < 0.85′′) 160W 2.95 0.79 4.24 22.02
090515 (a > 0.85′′) 160W 0.73 1.19 6.39 22.47
100117A (a < 0.6′′) 160W 0.86 0.28 2.20 22.04
100117A (a > 0.6′′) 160W 4.95 0.07 0.55 18.66
130603B (a < 1′′) 160W 0.96 0.62 3.07 22.51
130603B (a > 1′′) 160W 3.81 3.25 2.02 25.71
130603B (a < 0.2′′) 606W 1.98 0.79 3.92 24.97
130603B (a > 0.2′′) 606W 1.29 0.68 3.37 24.29
Note. — a Calculated assuming z = 1.
b Due to the low signal-to-noise ratio of this observation, this measurement
likely corresponds to a smaller region within the galaxy, and not the entire
galaxy itself.
c Although we cannot perform a surface brightness profile fit for
GRB 080905A/“G1”, these parameters are estimated from the apparent mor-
phology and effective radius of the bulge component.
using R ∼ 18 mag determined from Rowlinson et al. (2010b)
and our offset of 8.3′′, we find that “G1” has Pcc(<δR)≈ 0.01,
while “G2” has Pcc(< δR) ≈ 0.08. Therefore, “G1” is the
more likely host galaxy, although this case is less clear than
the other previously established host associations at small off-
sets.
For bursts with no obvious host galaxy at small off-
sets from previous ground-based or HST observations (Fig-
ure 3), termed “host-less” (GRBs 061201, 070809, 080503,
090305A, 090515: Berger 2010; 091109B: Levan et al.
2009), we calculate a range of probabilities, Pcc(< δR) ≈
6 × 10−3 − 0.08. The associations are most robust for
GRBs 070809 and 090305A with the most probable hosts at
offsets of 5.7′′ (Pcc(< δR)≈ 6×10−3) and 0.43′′ (Pcc(< δR)≈
7×10−3), respectively. The host association for GRB 070809
is the same as that made in Berger (2010), although here we
calculate a lower probability of chance coincidence by a factor
of three. We note that the extended source we associate with
GRB 090305A was not detected in ground-based observations
to r & 25.6 mag (Berger 2010). Due to the low probability of
chance coincidence and the lack of more likely host galaxy
candidates in the HST observation, we consider this to be the
host galaxy. We calculate moderate probabilities of ≈ 0.05
for GRBs 080503 and 090515, with the most probable hosts
at offsets of 0.90′′ and 14′′, respectively. These associations
are the same as those previously published (Berger 2010; Per-
ley et al. 2009) but the probabilities of chance coincidence are
lower by a factor of two in this work.
The associations are more ambiguous for GRBs 061201
Table 4
Short GRB Fractional Flux
GRB Instrument Filter 1σ Fractional Flux
050709a WFPC2 F450W 0
ACS F814W 0.09
050724a WFPC2 F450W 0.03
WFPC2 F814W 0.33
051221a WFPC2 F555W 0.54
WFPC2 F814W 0.65
060121a ACS F606W 0.41
060313a ACS F475W 0.04
ACS F775W 0
061006a WFPC2 F555W 0.56
ACS F814W 0.63
061201ab ACS F606W 0
ACS F814W 0
WFC3/IR F160W 0
070707 WFC3/IR F160W 0
ACS F606W 0
070714B WFC3/IR F160W 0
WFC3/UVIS F475W 0
070724A WFC3/IR F160W 0.23
070809b WFC3/IR F160W 0
ACS F606W 0
071227 WFC3/IR F160W 0.19
WFC3/UVIS F438W 0
080503b WFC3/IR F160W 0
080905A WFC3/IR F160W 0
WFC3/UVIS F814W 0
WFC3/UVIS F606W 0
090305A WFC3/IR F160W 0.30
090426 WFC3/IR F160W 0.82
090510 WFC3/IR F160W 0
090515b WFC3/IR F160W 0
100117A WFC3/IR F160W 0.54
130603B WFC3/IR F160W 0.27
ACS/606W F606W 0.35
Note. — Fraction of host galaxy light in pixels fainter
than the GRB position.
a From Fong et al. (2010).
b No coincident host to the depth of available HST imaging.
and 091109B. For GRB 061201, the two most probable host
galaxies (“G1” and “G2”; Figure 3) have offsets of 16.3′′
and 1.8′′, respectively, and both have Pcc(< δR) ≈ 0.07 so
the host association is inconclusive. However, “G1” is at
a relatively low redshift of z = 0.111 (Stratta et al. 2007)
while “G2” is likely at z ≈ 1; thus the physical offsets are
& 15 kpc in both cases (Table 2). For GRB 091109B, the po-
sition is contaminated by a diffraction spike, but if there is
no coincident host galaxy at & 25 mag, the most probable
host has mF160W ≈ 19.8 mag at an offset of 11.7′′, yielding
Pcc(< δR) ≈ 0.08. We note that HST imaging at a different
rotation angle will be essential in determining whether this
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burst originates from a host galaxy at. 1′′ separation or from
a galaxy at a larger offset. Due to the uncertainty of the as-
sociations for GRBs 061201 and 091109B, we do not include
these bursts in our subsequent offset analysis.
Overall, these probability of chance coincidence results
agree with those in the literature (Perley et al. 2009; Berger
2010; Rowlinson et al. 2010b), and provide deep NIR limits
of & 26.2 mag for bursts which lack hosts at δR .few arc-
sec. We discuss the possibility that such bursts originated
from galaxies fainter than the detection threshold of the HST
observations (and demonstrate that this is unlikely) in more
detail in Section 4.
3.2. Morphological Properties
Using the results from the radial surface brightness profiles
(Figure 4), we classify the short GRB hosts in terms of their
morphological parameters: Sérsic value, n, and effective size,
re. We find two elliptical galaxies, the hosts of GRBs 070809
and 090515, with n ≈ 3.0 − 3.4 while the remaining galax-
ies have disk-like morphologies with n ≈ 0.3− 2.1 (Table 3).
We note that GRB 100117A exhibits a complex morphology
in the NIR, with Sérsic indices of n ≈ 0.9 and ≈ 5 for its in-
ner and outer regions, respectively, although it is spectroscop-
ically classified as an early-type galaxy with a stellar pop-
ulation age of ≈ 1 − 2 Gyr and no evidence for star forma-
tion activity (Fong et al. 2011). GRB 130603B, which is a
star-forming galaxy with SFR& 1.3M yr−1 (Cucchiara et al.
2013), has an inner component in the NIR with n ≈ 1 and a
broad outer component with n ≈ 3.8. This host galaxy has
an irregular, asymmetric morphology in the optical band with
excess flux at radial distances of a ≈ 0.2 − 0.4′′ in the sur-
face brightness profile (Figure 4) and Sérsic components with
n≈ 2 and 1.3.
The effective radii range from ≈ 0.2 − 1.2′′ with a me-
dian size of 0.36′′. We note that the signal-to-noise ra-
tio of the GRB 070429B/F475W observation is low and
the re measurement likely corresponds to a smaller re-
gion within the galaxy, and not the entire galaxy. For
the host galaxies that require two Sérsic components, we
use the radius which encloses half of the flux as the ef-
fective size when computing the host-normalized offsets.
These values are 0.95′′ (GRB 090510), 0.9′′ (GRB 090515),
0.3′′ (GRB 100117A), 1′′ (GRB 130603B/F160W) and 0.8′′
(GRB 130603B/F606W). For the short GRBs with known
redshifts, the median physical size is about re ≈ 3.6 kpc. The
smallest hosts are GRBs 070714B and 100117A while the
largest are GRBs 090510 and 090515. The median value for
this sample is the same as the value of 3.5 kpc reported in
Fong et al. (2010) for a preliminary sample of hosts. Com-
pared to the long GRB median host galaxy size of 1.7 kpc
(Wainwright et al. 2007), short GRB host galaxies are twice as
large. This is consistent with their larger luminosities (Berger
2009) and stellar masses (Leibler & Berger 2010).
3.3. Offsets
To study the locations of short GRBs with respect to their
host galaxies, we first consider the distribution of projected
angular offsets. The range of angular offsets is ≈ 0.1 − 14′′
with GRB 090426 as the smallest offset6 and GRB 090515 as
the largest. From the angular offsets, we calculate projected
7 Calculated from the galaxy in direct coincidence with the optical after-
glow position, using z = 2.609 as determined from afterglow spectroscopy
(Antonelli et al. 2009a; Levesque et al. 2010).
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Figure 5. Cumulative distribution of projected physical offsets for 22 short
GRBs with sub-arcsecond positions (red; Fong et al. 2010, this work, and
3 ground-based measurements: Fong et al. 2012; Margutti et al. 2012;
Sakamoto et al. 2013; Berger et al. 2013). For five bursts with no spectro-
scopic redshifts (GRBs 060121, 070707, 080503, 090305A, and 111020A),
we have assumed z = 1. Also shown are the cumulative distributions for long
GRBs (black; Bloom et al. 2002), core-collapse SNe (green; Prieto et al.
2008), Type Ia SNe (blue; Prieto et al. 2008), and predicted offsets for NS-
NS binaries (grey; Fryer et al. 1999; Bloom et al. 1999; Belczynski et al.
2006).
physical offsets, assuming z≈ 1 for bursts without known red-
shift. We find a range of ≈ 0.5−75 kpc (Figure 6).
We supplement this sample of offsets with six measure-
ments from Fong et al. (2010). In addition, we use off-
set measurements from ground-based observations of all of
the remaining short GRBs with sub-arcsecond positions:
GRB 111020A with 6± 1 kpc (assuming z ≈ 1, Fong et al.
2012), GRB 111117A with 10.5± 1.7 kpc (Margutti et al.
2012; Sakamoto et al. 2013), and GRB 120804A with 2.2±
1.2 kpc (Berger et al. 2013). Therefore, the full sample of off-
sets includes 22 short GRBs (Figure 5) with a resulting me-
dian offset of 4.5 kpc. In comparison to the long GRB median
offset of 1.3 kpc, the short GRB median offset is ≈ 3.5 times
larger. The short GRB median offset is comparable to those
for Type Ia and core-collapse SNe of≈ 3 kpc (Figure 5; Prieto
et al. 2008), but the short GRB offset distribution extends to
much larger offsets: only 10% of both SN types have offsets
of & 10 kpc, compared to 25% for short GRBs. Furthermore,
no SNe have offsets of & 20 kpc, while 10% of short GRBs
do.
In Figure 5, we also show a comparison of the short GRB
offset distribution to the predicted distributions from popu-
lation synthesis models of NS-NS binary mergers in Milky
Way type galaxies (Fryer et al. 1999; Bloom et al. 1999; Bel-
czynski et al. 2006). The short GRB distribution is broadly
consistent with the NS-NS binary merger predictions, and is
in very good agreement with two of the three models (Bloom
et al. 1999; Belczynski et al. 2006). The median offset for
the predicted distributions is 5 − 7 kpc, slightly larger than
the observed median of 4.5 kpc. We note that the observed
distribution is mainly derived from short GRBs with optical
afterglows and may be missing a few bursts with less precise
localization from X-ray afterglows (Fong et al. 2013) that may
occur outside of their host galaxies. Thus, while the observed
distribution of offsets should be fairly representative of the
true distribution, accounting for such missing events would
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Figure 6. Left: Differential distributions of host-normalized offsets in units of effective radius, re, accounting for the uncertainty in each offset measurement,
for short GRBs (red shaded region) and long GRBs (black line). The sample is comprised of 20 short GRBs with resolved host galaxies from HST data (Fong
et al. 2010 and this work), including GRB 050509B which has only an XRT position. Arrows denote the weighted median offset for each population: 1.0re
(long) and 1.5re (short). Right: Cumulative host-normalized offset distributions for short GRBs (red) and long GRBs (black). Also shown are the distributions
for core-collapse supernovae (green dashed; Kelly & Kirshner 2012) and Type Ia supernovae (blue dot-dashed; Galbany et al. 2012). Arrows denote the weighted
median offset for each population; the median for SNe is also ≈ 1re.
only extend the distribution to larger offsets, in even better
agreement with the NS-NS merger models.
A study by Troja et al. (2008) suggested that short GRBs
with extended emission in the X-rays have smaller offsets
than short GRBs with no such emission. Two bursts in our
sample, GRBs 070714B and 080503 have reported evidence
for extended emission at & 5σ significance (Racusin et al.
2007; Mao et al. 2008; Perley et al. 2009). GRB 070714B
has an offset of ≈ 12.2 kpc while GRB 080503 has an off-
set of ≈ 7.2 kpc from its most probable host assuming z≈ 1.
Combining these two bursts with four bursts analyzed in Fong
et al. (2010) with sub-arcsecond positions and extended emis-
sion (GRBs 050709, 050724, 061006, and 060121), the me-
dian offset for the population is 3.2 kpc, with a range of
≈ 1− 12 kpc. For the remaining 16 bursts with no extended
emission and precise offset measurements, the median off-
set is 5.3 kpc. A Kolmogorov-Smirnov (K-S) test compar-
ing the two populations gives a p-value of 0.9, supporting the
null hypothesis that the two populations are drawn from the
same underlying distribution. Therefore, there is no clear ev-
idence from their locations that short GRBs with and without
extended emission require different progenitor systems.
To compare the offset distributions in a more uniform man-
ner, we calculate host-normalized offsets, δR/re, using the ef-
fective radii as determined from our morphological analysis
(Section 2.6). We find a range of host-normalized offsets of
≈ 0.3−15.5 re for the bursts with sub-arcsecond positions (Ta-
ble 2). We supplement this sample with seven measurements
from Fong et al. (2010), one of which has only an XRT po-
sition and thus a more uncertain offset (GRB 050509B). To
account for the varying uncertainty in each offset, we plot a
differential distribution of host-normalized offsets following
the methodology of Bloom et al. (2002), as well as the re-
sulting cumulative distribution (Figure 6). The total sample
of short GRBs with host-normalized offsets is comprised of
20 events, with a median of ≈ 1.5 re and only about 25% of
the events at . 1re. For comparison, the host-normalized off-
set distributions for long GRBs (Fruchter et al. 2006), core-
collapse SNe (Kelly et al. 2008) and Type Ia SNe (Galbany
et al. 2012) have median offsets of ≈ 1 re. Furthermore, a
K-S test comparing the host-normalized offsets for long and
short GRBs does not support the null hypothesis that the two
populations are drawn from the same underlying distribution
(p = 0.03). A K-S test between short GRBs and Type Ia SNe
yields p = 10−3, indicating that the two populations are drawn
from different host-normalized offset distributions. Indeed,
≈ 20% of short GRBs have offsets of& 5re, compared to only
≈ 5% for Type Ia SNe.
3.4. Light Fraction
To further study the local explosion environments of short
GRBs, we utilize the fractional flux method which, unlike
the spatial offset method, is independent of host morphol-
ogy. We divide the fractional flux values into two categories
based on the bursts’ observed filters and redshifts: rest-frame
UV (λrest . 0.4µm) tracking star formation activity and rest-
frame optical (λrest& 0.4µm) tracking stellar mass. For bursts
with no redshift, we assume fiducial values of z = 1 to deter-
mine the proper rest-frame band. For the 14 bursts in this
analysis, all have rest-frame optical measurements while only
three have rest-frame UV measurements (GRB 070707 as-
suming z = 1, GRBs 070714B and 071227; Table 4). Despite
having coincident host galaxies, these three bursts are located
on the lowest level of their hosts’ UV light with fractional flux
measurements of zero. The rest-frame optical measurements
span a range of 0−0.8, with GRB 090426 as the highest mea-
surement (Table 4).
We supplement these data with six additional bursts ana-
lyzed in Fong et al. (2010), bringing the total sample size to
20 events. We find that the resulting distributions are strongly
skewed to low fractional flux measurements: 45% of short
GRBs are located on the lowest optical brightness level of
their hosts (fractional flux ≈ 0), and 55% are on the lowest
UV level (Figure 7 and Table 5). The short GRB distributions
have very low median fractional flux values of ≈ 0.15 for the
optical and zero for the UV (Table 5). Furthermore,≈ 75% of
the events are located on the faint end (fractional flux . 0.5)
of their hosts’ optical and UV regions (Figure 7). A K-S test
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Table 5
Fractional Flux Statistics
K-S test p-values
Sample Band Median Percentage at zeroa Linearb Long GRBs C. C. SNe Type Ia SNe
Short GRBs (all)c Optical 0.15 45 0.04 · · · · · · 0.02
Short GRBs (Pcc(< δR) . 0.01) Optical 0.25 29 0.07 · · · · · · 0.16
Short GRBs UV 0 55 0.01 0.002 0.002 0.34
Long GRBs UV 0.83 6 0.01 · · · 0.001 3.8×10−4
C. C. SNe UV 0.60 5 0.42 0.001 · · · 0.04
Type Ia SNe Optical 0.34 6 0.35 · · · · · · · · ·
Type Ia SNe UV 0.35 34 0.08 3.8×10−4 0.04 · · ·
Note. — a Percentage of a given population with fractional flux values of zero.
b Corresponds to a distribution that linearly tracks host galaxy light.
c All 20 short GRBs with sub-arcsecond positions.
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Figure 7. Left: Cumulative distribution of the fractional flux at short GRB locations relative to their host light. The rest-frame optical (0.4 − 1.2µm; red) and
rest-frame UV (< 0.4µm; blue) for 20 short GRBs with HST observations are shown (Fong et al. 2010 and Table 4 in this work). For the purpose of determining
the rest-frame band, bursts without known redshifts are assigned z = 1. Also shown are the distributions for “normal-velocity” Type Ia supernovae for u′-band
(light blue) and r′-band (pink; Wang et al. 2013), core-collapse supernovae (grey; Svensson et al. 2010) and long GRBs (black; Fruchter et al. 2006; Svensson
et al. 2010). Right: Cumulative distribution of fractional flux including only bursts with host associations with Pcc(< δR). 0.01. This case excludes four bursts:
GRBs 061201, 080503, 080905A and 090515.
comparing the observed short GRB distribution to a distribu-
tion that is linearly correlated with host galaxy light (diagonal
line in Figure 7) yields p-values of 0.04 and 0.01 for the opti-
cal and UV, respectively (Table 5). These results demonstrate
that short GRBs are not correlated with their hosts’ rest-frame
UV and optical light, i.e., they do not trace regions of star for-
mation or even stellar mass.
The short GRB distribution is particularly striking when
compared to long GRBs, which lie on the brightest UV re-
gions of their host galaxies and have a median fractional flux
of 0.83 (Figure 7 and Table 5; Fruchter et al. 2006; Svens-
son et al. 2010). Core-collapse SNe, which have a median
value of 0.60, may slightly over-represent their hosts’ UV
light (Svensson et al. 2010), commensurate with their origin
in star-forming regions. Furthermore, at most a few percent of
long GRBs and core-collapse SNe lie on the faintest regions
of their host galaxies (Table 5).
On the other hand, Type Ia SNe, which result from
older stellar progenitor systems, slightly under-represent their
hosts’ UV and optical light distributions, although K-S test
results indicate that this is only marginal (Table 5). In par-
ticular, 34% of Type Ia SNe have UV fractional flux values
of zero, compared to 55% for short GRBs. The difference is
more apparent in the optical, with only 6% of the Type Ia SNe
population located on the faintest regions of their hosts, com-
pared to 45% for short GRBs (Table 5). A K-S test comparing
the distributions of short GRBs and Type Ia SNe indicates that
the populations are not drawn from the same underlying dis-
tribution in the optical (p = 0.02).
We cannot completely rule out the remote possibility that
the events with less robust host associations (Pcc(< δR) &
0.01) and fractional flux values of zero instead originate from
faint host galaxies with mF160W & 26.2 mag, below the de-
tection threshold of the HST images. In this scenario, the
fractional flux values for these events may be greater than
zero. Therefore, if we only include events with Pcc(< δR) <
0.01 (thereby excluding GRBs 061201, 080503, 080905A and
090515 from the distribution), we find that the short GRBs are
still uncorrelated with their hosts’ optical light (p = 0.07; Ta-
ble 5), with a median value of ≈ 0.25 (Figure 7). It is impor-
tant to note that even in this conservative case, ≈ 30% of the
bursts lie on the lowest optical flux levels of their hosts (Fig-
ure 7). The short GRB UV distribution is unaffected since
there are no excluded bursts with rest-frame UV measure-
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ments.
4. IMPLICATIONS FOR THE PROGENITORS
Using the host associations, morphologies, offset distribu-
tions, and light distributions presented in the previous sec-
tions, we draw implications about the progenitor systems of
short GRBs. We first note that the morphological analysis for
the 16 host galaxies presented in this paper continues to sup-
port the apparent dominance of late-type host galaxies (star-
forming with disk morphologies), with only ≈ 1/4 of short
GRBs in hosts with elliptical morphologies (Berger 2009;
Fong et al. 2010, 2013). The tendency for short GRBs to
occur in star-forming galaxies indicates that the rate of short
GRBs is driven by both recent star formation activity and stel-
lar mass, as also inferred from the distribution of host galaxy
masses (Leibler & Berger 2010). In addition, the effective
sizes of short GRB hosts are significantly larger than those for
long GRB hosts, consistent with their larger luminosities, stel-
lar masses, and metallicities (Berger 2009; Leibler & Berger
2010).
In terms of locations relative to the host centers, we find
that short GRBs span a wide range of projected physical off-
sets of ∼ 0.5− 75 kpc, with a median value of about 4.5 kpc
and with about 25% of all events occurring at & 10 kpc. The
median offset is 3.5 times larger than for long GRBs (Bloom
et al. 2002; Fong et al. 2010). The larger offsets of short
GRBs are also evident when normalizing by the effective radii
of their hosts, with δR/re ≈ 0.3 − 16 and a median value of
δR/re ≈ 1.5. In addition, only 25% of short GRBs have off-
sets of . re. The median value is 1.5 times larger than for
long GRBs, core-collapse SNe, and even Type Ia SNe, which
have 〈δR/re〉 ≈ 1. The broader distribution relative to long
GRBs and SNe, and the fact that only about 20% of short
GRBs occur within the radius that contains half the light indi-
cate that short GRB progenitors migrate from their birth-sites
before producing the bursts. Taken together with the over-
all match to population synthesis predictions (Figure 5), the
physical and host-normalized offsets point to compact object
binary progenitors with significant kicks.
In this context, the observed offset distribution depends
on the combined distributions of kick velocities, merger
timescales, and host galaxy masses. Therefore, the observed
offset distribution, combined with estimates of the host galaxy
stellar masses and merger timescales (Leibler & Berger 2010)
can provide insight into the kick velocity distribution. Con-
sidering the host stellar population ages as a proxy for the
merger timescale, we expect the bursts with the largest off-
sets to originate from elliptical galaxies, since these systems
have had the most time to travel prior to merger. However, the
offsets are also sensitive to the escape velocities, and thus stel-
lar masses, of the hosts, and we therefore expect short GRBs
in low-mass galaxies to have larger offsets (Rosswog et al.
2003; Belczynski et al. 2006; Zemp et al. 2009). We investi-
gate these effects using the host-normalized offsets from this
work and Fong et al. (2010) in conjuncion with inferred stel-
lar masses and stellar population ages from Leibler & Berger
(2010). In Figure 8 we plot the values of δR/re versus stellar
mass and population age for both early- and late-type hosts.
We calculate the Kendall τ coefficient, (where a value of τ = 1
indicates statistical correlation), to assess whether the stellar
population properties are correlated with host-normalized off-
sets, discarding the offset upper limits. We find that τ ≈ 0.34
(p = 0.09) for stellar mass and τ ≈ 0.26 (p = 0.20) for stel-
lar population age. Both results agree with the null hypoth-
esis that there is no strong correlation, and thus we find no
clear trend between stellar population properties and offsets.
In particular, we find that short GRBs in both elliptical and
star-forming galaxies span the full range of host-normalized
offsets. This result suggests that the observed offset distribu-
tion is primarily determined by the distribution of kick veloc-
ities.
Using the projected physical offsets and the stellar popu-
lation ages as a proxy for the merger timescale we can cal-
culate the minimum projected kick velocities if the progeni-
tors originate at the host centers (vkick,min). We find a range
of vkick,min ≈ 2 − 150 km s−1, with a median of about 16 km
s−1. However, a more reasonable value for the kick velocity
of each system needs to take into account the host velocity
dispersion (vdisp), and we therefore use the geometric mean,√vkick,min vdisp (c.f., Bloom et al. 2007). Using a fiducial value
for the late-type hosts of vdisp ≈ 120 km s−1, as measured
for the Milky Way (Battaglia et al. 2005; Xue et al. 2008),
and ≈ 250 km s−1 inferred for ∼ 1011 M elliptical galaxies
(Forbes & Ponman 1999), we find projected kick velocities
of ≈ 20 − 140 km s−1 with a median of ≈ 60 km s−1. This
range is consistent with the inferred natal kick velocities for
the eight known Galactic NS-NS binaries, which range from
≈ 5−500 km s−1 (Fryer & Kalogera 1997; Wang et al. 2006;
Wong et al. 2010).
Independent of the offset distribution, the locations of short
GRBs relative to their hosts’ light distribution also point to ex-
plosion sites that are distinct from the progenitor birth sites. In
particular, our analysis clearly demonstrates that short GRBs
are not spatially correlated with either star forming regions
or even with the underlying distribution of stellar mass. This
is unlike long GRBs and core-collapse SNe, which track UV
light (Fruchter et al. 2006; Svensson et al. 2010), or Type Ia
SNe, which generally track stellar mass (Kelly et al. 2008).
Most strikingly, about 30−45% of all short GRBs occur in re-
gions that effectively contain no rest-frame optical light, and
hence negligible stellar mass (Figure 7), indicating that the
progenitors were not formed at the explosion sites. Moreover,
studies of the host galaxy demographics and stellar mass dis-
tribution show that the short GRB rate depends on both stel-
lar mass and star formation activity (Leibler & Berger 2010;
Fong et al. 2013), while the light distributions point to explo-
sion sites that are de-coupled from both star-forming regions
and the stellar mass distribution. The combination of these
results, along with the large host-normalized offsets, provides
the strongest support to date for NS-NS/NS-BH progenitors
with significant migration from their birth sites to their even-
tual explosion sites.
Finally, the HST observations presented here provide un-
precedented NIR limits on coincident hosts for short GRBs
previously termed as host-less based on ground-based opti-
cal data (GRBs 061201, 070809, 080503 and 090515). Us-
ing these limits we investigate the possibility that these events
are not at large offsets from their hosts (as appears to be the
case based on probability of chance coincidence arguments;
Berger 2010 and this paper), but instead originate from coin-
cident hosts that are below the HST detection limit.
To determine the combination of luminosity and redshift
required for such faint coincident hosts, we compare the av-
erage 3σ limit of the HST observation, m160W & 26.2 mag, to
the observer-frame H-band galaxy luminosity function taking
into account its evolution with redshift (Figure 9). We find
that if these hosts are ∼ L∗ galaxies, typical of other short
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Figure 8. Stellar population age (left) and stellar mass (right) versus host-normalized offsets for 15 short GRB host galaxies (Leibler & Berger 2010; Rowlinson
et al. 2010b), including three bursts with only XRT positions (GRBs 050509B, 051210 and 070429B). Star-forming (blue stars) and elliptical hosts (red circles),
as determined from spectroscopy, are indicated. Triangles denote bursts with no detected optical afterglow but that have a single galaxy within the XRT error
circle and therefore an upper limit on the offset. We find no obvious trends between stellar mass and host-normalized offsets, or between stellar population age
and host-normalized offsets.
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Figure 9. H-band host galaxy apparent magnitudes from ground-based and
HST observations versus redshift for short GRBs with coincident host galax-
ies (blue squares and triangles) and the most probable hosts of GRBs 070809,
080503 and 090515 (red circles and triangle). Triangles denote upper limits
on the burst redshift from the detection of the optical afterglow in a partic-
ular band. Open symbols correspond to bursts with XRT positions only and
a probable host galaxy (GRBs 050509B, 060502B, 070429B and 100206A;
Bloom et al. 2007; Perley et al. 2012). The average 3σ upper limit of
mF160W ≈ 26.2 mag for the bursts lacking coincident host galaxies (dotted
red line) and the evolving luminosity function for 0.1L∗ to L∗ galaxies (green
shaded area; Chen et al. 2003; Poli et al. 2003; Saracco et al. 2006; March-
esini et al. 2007; Hill et al. 2010; Ramos et al. 2011; Marchesini et al. 2012;
Stefanon & Marchesini 2013) are shown.
GRB hosts (Figure 9; Berger 2009), they would need to orig-
inate at z & 3.5. The highest known short GRB redshift is
z = 2.609 (GRB 090426), while typical redshifts are∼ 0.2−1,
so in this scenario, these bursts would represent a distinct
population of the highest redshift short GRBs. If instead the
bursts have redshifts following the observed redshift distribu-
tion, this would require the hosts to have luminosities well be-
low 0.1L∗ (Figure 9), at least an order of magnitude below the
typical luminosities of short GRB hosts. Furthermore, Berger
(2010) show that these bursts have systematically fainter op-
tical afterglows than bursts with coincident hosts, which is at
odds with the scenario of similar redshifts and sub-luminous
hosts. Thus, we do not consider the possibility that the host-
less events have coincident hosts below the detection limit of
the HST data as likely. Instead, when combined with a prob-
ability of chance coincidence analysis (Berger 2010 and this
paper), these bursts appear to be associated with galaxies that
are typical of the short GRB host population (Figure 9), with
resulting offsets of ∼ 10− 100 kpc. Thus, the deep NIR lim-
its presented here provide further evidence for large offsets
consistent with NS-NS/NS-BH progenitors.
5. CONCLUSIONS
We presented HST observations and a detailed analysis of
22 short GRB host galaxies. Based on this analysis combined
with the results from Fong et al. 2010, we draw several key
conclusions:
1. Short GRB host galaxies with disk morphologies dom-
inate the sample, with only ≈ 1/4 of the hosts having
elliptical morphologies. The median effective size of
short GRB hosts is ≈ 3.6 kpc, about twice as large as
long GRB hosts, which are exclusively associated with
late-type, star-forming galaxies.
2. Short GRBs have projected physical offsets from their
host galaxies of ≈ 0.5 − 75 kpc, with a median of
≈ 4.5 kpc, 3.5 times larger than the offsets for long
GRBs. Compared to the distributions for core-collapse
and Type Ia SNe, short GRBs extend to larger offsets,
with ≈ 25% of events at & 10 kpc, compared to only
10% for both SN types.
3. Taking into account their host sizes, short GRBs have
host-normalized offsets of 0.3 − 15.5re with a median
of ≈ 1.5re, approximately 1.5 times larger than those
for long GRBs, core-collapse SNe, and Type Ia SNe.
Furthermore, ≈ 20% of short GRBs have offsets of &
5re, compared to only 5% for Type Ia SNe, which also
result from old stellar progenitors.
4. In the context of NS-NS/NS-BH progenitors, we use
the offset distribution, stellar population age distribu-
tion, and typical velocity dispersions for star-forming
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and elliptical galaxies, to infer kick velocities of ≈
20 − 140 km s−1 with a median of ≈ 60 km s−1. This
is generally consistent with the range of kick velocities
inferred for Galactic NS-NS binaries.
5. Short GRBs severely under-represent their hosts’ rest-
frame UV or optical light. In particular, 30 − 45% of
short GRBs are located on the faintest optical regions
of their host galaxies, while≈ 55% occur in the faintest
UV regions, showing that short GRBs do not spatially
track star formation or stellar mass. Combined with the
host galaxy demographics which imply a short GRB
rate driven by both star formation and stellar mass,
this demonstrates that short GRBs migrate from their
birth sites to their eventual explosion sites and provides
strong support for progenitor kicks, ie., NS-NS/NS-BH
mergers.
6. For bursts with no robust association to a host galaxy
within ∼few arcsec, we consider a faint coincident
host origin by comparing the NIR limit of mF160W &
26.2 mag to the H-band galaxy luminosity function and
other short GRB hosts. If these hosts are ∼ L∗ galax-
ies, typical of other short GRB hosts, they are con-
strained to z & 3.5. Alternatively, if these bursts oc-
cur at typical short GRB redshifts of z ∼ 0.5, this re-
quires sub-luminous hosts compared to the population,
with. 0.1L∗. Instead, it is more likely that these bursts
originate from ∼ L∗ galaxies at ≈ 10− 100 kpc offsets
as indicated by probability of chance coincidence anal-
ysis.
Through this analysis, we have provided independent lines
of evidence which argue for NS-NS/NS-BH mergers as the
progenitors of short GRBs. In particular, both the spatial off-
sets and their locations on the faintest regions of their hosts
demonstrate that the progenitors must migrate between their
formation and the eventual explosions. In addition, we have
made detailed comparisons between short GRBs and Type Ia
SNe which, unlike long GRBs and core-collapse SNe, result
from old stellar progenitors. We find that the two populations
differ in their distributions of host-normalized offsets and rest-
frame optical light locations, with short GRBs having larger
offsets and a weaker correlation with stellar mass. Finally, we
note that the large fraction of short GRBs with a weak correla-
tion to stellar light agrees with the overall indication from the
afterglow emission that the parsec-scale densities around the
progenitors are generally low, . 0.1 cm−3 (Soderberg et al.
2006).
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